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Abstract

To test the hypothesis that mononuclear cells are stimulated to
release interleukin 1 (IL-i) by bone fragments released in the
bone microenvironment during the remodeling cycle, we have
investigated the effects of bone matrix and some of its constitu-
ents on IL-1 secretion from peripheral blood mononuclear cells
(PBMC). Increases in IL-1 activity were observed when either
PBMC or adherent monocytes, but not lymphocytes depleted
of monocytes, were co-cultured with either human or rat bone
particles but not with latex particles of similar size. Co-culture
of PBMC with bone particles in a transwell system where the
cells were physically separated from the bone particles, or with
osteoblast- or osteoclast-covered bone particles, did not stimu-
late IL-1 release, indicating that a physical contact between
PBMC and the bone surface is required for eliciting IL-1 re-
lease. This was confirmed by the finding of a lower stimulatory
effect of bone particles pretreated with etidronate, a bisphos-
phonate which decreases the bone binding capacity of PBMC.
Constituents of bone matrix, such as collagen fragments, hy-
droxyproline, and, to a lesser extent, transforming growth fac-
tor-fi, but not osteocalcin, a2HS glycoprotein, fragments of ei-
ther bone sialoprotein or osteopontin, and fibronectin, stimu-
lated PBMC IL-1 release in a dose-dependent fashion.
Collagen-stimulated IL-i release was partially and specifically
inhibited by a monoclonal antibody directed against the a2l1-
integrin cell surface collagen receptor. These data demonstrate
that products of bone resorption, known to be chemotactic for
mononuclear cells, stimulate PBMC I-1 activity. These find-
ings may help explain previous documentation of increased IL-
1 secretion by circulating monocytes obtained from patients
with high turnover osteoporosis. (J. Clin. Invest. 1991.
87:221-228.). Key words: bone matrix * collagen - integrin .
interleukin 1 * mononuclear cells - osteoporosis

Introduction

Interleukin 1 (IL-1) is a family of several, closely related, low
molecular weight proteins produced by many types of mam-
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malian cells, including bone cells (1-3). Although best known
for its ability to promote lymphocyte proliferation (4, 5) and
for its involvement in inflammation and wound healing (6),
IL- I is also recognized for its multiple and important effects on
bone. In fact, not only is IL-1 a powerful stimulator of bone
resorption in vitro (7-9) and in vivo (10, 11), but it modulates
bone cell proliferation (12-15) and collagen and noncollagen
bone protein synthesis (16, 17), and induces the secretion of
other bone active cytokines from bone cells or marrow resident
mononuclear cells (1 8, 19).

In previous studies (20), we reported that circulating mono-
cytes from subjects with "high turnover" osteoporosis, a condi-
tion marked by increased bone resorption and bone formation,
elaborated higher amounts of IL-1 in vitro than those from
subjects with "low turnover" osteoporosis, a disorder in which
bone formation is impaired. More recently, we demonstrated
that women in the early menopausal period, when enhanced
bone resorption causes rapid bone loss, also display increased
monocyte IL- I activity that is blocked by ovarian steroid ther-
apy (21). Although these observations implied a causative role
for IL- 1 in postmenopausal bone loss, they did not offer any
insight into the mechanism(s) that lead(s) to IL-l release in
states of high bone turnover.

Monocytes are often found adjacent to bone resorbing sur-
faces, and resorbing bone and bone peptides released in the
local microenvironment during bone resorption have been
shown to be chemotactic for monocytes (22-25). Among these
peptides are collagen, osteocalcin, a2HS glycoprotein, and
transforming growth factor-f (TGF-#l),' a cytokine produced
by bone cells and enclosed in the bone matrix (25) that stimu-
lates the expression of IL- 1 messenger RNA in monocytes (24).
Release of bone matrix digestion products and/or osteoblast
secretory products might account for the local recruitment and
activation of mononuclear cells and the resulting release of
IL-1. Secretion of IL- 1 from intraskeletal mononuclear cells
could, in turn, play a fundamental role in the regulation of
bone remodeling. Similarly, the bone-sparing effect of ovarian
steroids could be explained by a regulatory effect of these hor-
mones on the capacity of mononuclear cells, or perhaps their
precursors, to release IL- 1 in response to exposure to bone ma-
trix constituents. In this study, we examined bone matrix and
some of its constituents for their effects on IL- 1 release from
human peripheral blood mononuclear cells (PBMC). We re-
port that adherence of PBMC to bone matrix markedly in-
creases the secretion of IL- 1 from PBMC into the culture me-

1. Abbreviations used in this paper: EHDP, I-hydroxy-I, I-ethane di-
phosphate (etidronate); LAP, lipid A-associated protein; PB, poly-
mixin B; TGF-A, transforming growth factor-#.
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dia. The data also reveal that the increase in IL- I activity can be
induced by some, but not all, well-characterized bone matrix
constituents.

Methods

Unless otherwise specified, reagents and media were from the Sigma
Chemical Co., St. Louis, MO.

Mononuclear cell cultures. PBMC cultures were prepared from
blood from healthy volunteers as described (20, 21). Briefly, freshly
drawn blood was fractionated on Ficoll/Hypaque, and the PBMC were
removed from the interface and washed twice with RPMI 1640 me-
dium. The cells were resuspended in complete medium (RPMI 1640
medium supplemented with 5% [vol/vol] heat-inactivated fetal bovine
serum [defined, Sterile Systems, Logan, UT; endotoxin, 0.038 ng/ml])
at a concentration of I X 106 cells/ml, and l-ml aliquots incubated in
16-mm wells of 24-well tissue culture plates for 48 h at 370C in a
humidified atmosphere of 5% C0J95% air. For some experiments 1-
ml aliquots were allowed to adhere for 2 h at 370C. After incubation the
nonadherent cells (enriched lymphocytes) were removed from the
wells, resuspended in 1 ml of medium and incubated for 48 h. The
adherent population (enriched monocytes) was washed twice with
RPMI 1640 to remove any remaining nonadherent cells. The adherent
cells were then incubated in 1 ml of complete medium for 48 h. The
adherent population was subsequently stained for the monocyte/mac-
rophage-specific enzyme a-naphtyl acetate esterase and was found to
be > 95% monocytes. Monocytes composed 19.5±4.1% of the entire
original mononuclear population isolated by Ficoll density gradient
centrifugation. In all experiments, at the end of the 48-h incubation,
conditioned media were collected and assayed for endotoxin by the
chromogenic Limulus amebocyte lysate assay (Whittaker M.A. Bio-
products, Walkersville, MD). Endotoxin was not detected at the level
of sensitivity of the assay (2 10 pg/ml). The media were then passed
through 0.22-jim filters and stored at -20'C until assayed for IL-1.

IL-I assay. The PBMC-conditioned media were assayed for IL-1
activity (IL-la and IL-lfI) by assessing the increment in mitogen-in-
duced proliferation of the helper T cell DIO.G4.1 (D. 10 cells) as
previously described (20, 21, 26). The IL-l standard used in the assays
was ultrapure IL- I (Genzyme, Boston, MA), except for the IL- I used in
the neutralization assay, which was recombinant IL- la or IL- IB (Gen-
zyme). The IL- I activity, measured by quantitating the thymidine in-
corporation in the D.10 cells, was converted to units per milliliter by
performing a log-logit transformation of the serial dilution curves
and determining the dilution of the test sample that yielded a value
corresponding to 50% of the standard IL-l maximum activity. The
standard IL-1 activity was arbitrarily set at 100 U/ml. The test sample
units were then determined as follows: Activity(.,_p) = 2(a-b) x 100
U/ml(,ft,fd I,,I), where a is the dilution ofthe test sample yielding 50%
of the standard IL- I activity and b is the dilution of the standard IL- I
yielding 50% maximal activity.

The interassay and the intrassay variability of this assay was 29%
and 10%, respectively. Recovery of added recombinant IL- 1 # was
2 90. The minimum amount of lipopolysaccharide (LPS) capable of
stimulating IL- I secretion was 10-100 pg/ml.

Since PBMC may secrete agents in addition to IL- I that are comito-
genic in the T cell assay (27-29), we verified our findings as indicative
of the presence of IL- I by demonstrating inhibition ofthe PBMC-con-
ditioned media effect in the presence of monoclonal anti-IL-la and
anti-IL- I# antibodies (kindly provided by John Kenney, Syntex Corp.,
Palo Alto, CA). These neutralization experiments were performed by
incubating serial dilutions of the PBMC culture medium for 2 h with
anti-IL- I a (1:20 dilution), anti-IL- 1I (1:200 dilution), or control
serum at 37°C before assay of the D.10 cells.

Preparation of test materials. Intact type I collagen was extracted
from rat tails according to the method of Piez et al. (30). Heat-dena-
tured type I guinea pig skin collagen was prepared as previously de-
scribed (31). Denatured type I collagen peptides were produced by di-

gesting heat-denatured guinea pig skin collagen with purified rat uterus
collagenase as previously described (31). Human a2HS glycoprotein
(49,000 mol wt) was isolated from human serum as previously de-
scribed (25). Purified bovine osteocalcin (BGP), extracted from lyophi-
lized bone with EDTA and purified by gel filtration as described by
Price et al. (32), was kindly provided by Dr. P. Price (University of
California, San Diego). Purified bovine TGF-ft was kindly provided by
Dr. Saeid Seyedin (Collagen Corp., Palo Alto, CA). Purified bovine
fibronectin was kindly provided by Dr. John A. McDonald (Washing-
ton University School of Medicine, St. Louis, MO). Adherence pro-
moting Arg-Gly-Asp (RGD)-containing fragments of synthetic bone
sialoprotein (18 aminoacids) and osteopontin (20 aminoacids) were
kindly provided by Dr. Pamela Robey (National Institutes of Health,
Bethesda, MD). Commercial 50-Mm hydroxyapatite crystals were
washed extensively, sterilized, and suspended at 10 mg/ml in pyrogen-
free phosphate-buffered saline (PBS).

For some experiments, hydroxyapatite and heat-denatured colla-
gen were hydrolyzed with 0.01 N NaOH in 90% ethanol at 370C for 60
min, with frequent mixing (33). The reaction was arrested by neutraliz-
ing with acetic acid and reducing the sample temperature to 40C. Con-
trol samples were incubated in 90% ethanol without NaOH. Collagen
was resuspended and neutralized by dialysis against acetic acid, phos-
phate buffer, and normal saline.

All test materials contained < 10 pg/ml endotoxin in the Limulus
amebocyte lysate assay (data not shown).

Bone particle preparation. Human and rat devitalized bone parti-
cles were prepared as previously described by Teitelbaum et al. (34).
Briefly, human ribs or rat long bones were dissected free ofperiosteum
and soft tissue, split to expose the marrow cavity, washed extensively
with sterile 0.9% NaCl, and air-dried for I wk at 450C. The bones were
then ground in a mill (Spex Industries, Inc., Metuchen, NJ) and parti-
cles < 50 Mm in diameter were collected by passing the coarse powder
through a screen (Cistron Corp., Lebanon, PA). These particles were
then sterilized by ultraviolet irradiation. Nondevitalized human and
rat bone particles were prepared in a similar manner by using sterile
equipment and by omitting the air drying and the ultraviolet irradia-
tion steps. Osteoblast-covered human and rat bone particles were pre-
pared by maintaining the live bone particles in culture for 7-10 d.
Under these conditions, cells gradually grew on the surface ofthe parti-
cles covering the entire matrix surface. These cells were characterized
as osteoblasts because they were intensively positive for alkaline phos-
phatase and Van Kossa staining and, when isolated by collagenase di-
gestion, secreted cAMP in response to PTH (data not shown). Chicken
osteoclast-covered bone particles were prepared by incubating devital-
ized rat bone particles with chicken osteoclasts, isolated according to
the methods ofZambonin-Zallone et al. (35) and Blair et al. (36) for 18
h at 37°C. The bone particles and attached osteoclasts were then sepa-
rated from unbound cells by unit gravity sedimentation in PBS for 10
min at 27°C. In some experiments, bone particles were preincubated
with l-hydroxy-l, I ethane diphosphate (EHDP), or etidronate (Nor-
wich Eaton Pharmaceuticals, Inc., Norwich, NY), 80 Mmol for 24 h at
37°C. The EHDP-treated bone particles were then pelleted by centrifu-
gation and washed twice with fresh medium. In all the experiments
carried out using PBMC cultures or lymphocyte-enriched prepara-
tions, the tissue culture plates were coated with a thin layer ofthe bone
particle of choice. The cells were then added and cultured for 48 h.
Similar results were obtained whether test cells were added before or
after bone particles (data not shown). In the experiments with mono-

cyte-enriched preparations, the same amount of bone particles was

added to the adherent monocytes after the removal ofthe non-adherent
mononuclear cells. The optimal concentration ofbone particles (1 mg/
ml) was determined before the study. Increasing the bone particle con-
centration as much as 10-fold did not alter the results. However, de-
creasing the amount of bone particles so that about 2 30% of the cul-
ture well surfaces were not covered decreased the mononuclear cell
response.

Antibodies. The PIH5 monoclonal antibody directed against the
a2fI-integrin cell surface collagen receptor was generously provided by
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Figure 1. IL- I activity in the culture medium ofPBMC co-cultured
with either rat or human bone particles. IL- I activity in the culture
media of unstimulated PBMC (controls) was 2.1±0.9 U/ml. To allow
comparisons of data from different experiments, results are shown
as treated/control (T/C) ratio. Abbreviations: OB, osteoblasts; OC,
osteoclasts; EHDP, etidronate. "Transwell" refers to experiments
carried out in a culture system where PBMC were separated from the
bone particles by a membrane permeable to the culture medium
only. *P < 0.05; **P < 0.01; ***P < 0.001 compared to controls.

Dr. William G. Carter, Fred Hutchinson Cancer Research Center,
Seattle, WA. Monoclonal antibody lOE5 directed against the platelet
membrane glycoprotein IIb-I1la complex was kindly provided by Dr.
Barry S. Coller, State University ofNew York, Stony Brook, NY. The
characterization and specificity of both antibodies have been
previously documented (37, 38). Both antibodies were used in IL- 1

release assays at a concentration of 10 ,ig/ml.
Statistical methods. Group mean values were compared by two-

tailed Student's test or analysis of variance, as appropriate. Subsequent
mean comparison tests were performed by Tukey's honestly significant
difference test.

Results

Bone particles stimulate the secretion ofIL-I from normal hu-
man PBMC. In a set of25 experiments (Fig. 1), IL- I activity in
the culture media of unstimulated PBMC incubated in plastic
culture wells for 48 h was 2.1±0.9 U/ml (mean±SEM) (median
0.39, range 0.1-16.4).

A similar amount of IL- I was released into the medium by
PBMC cultured over a layer of - 50-am latex particles (Fig. 1).
In this condition PBMC adhered strongly to but did not phago-
cytize the latex particles. PBMC co-cultured with similar
amounts of devitalized or live rat or human bone particles ad-
hered to the bone particles and released significantly higher
amounts of IL- I in the culture media. Devitalized human par-

ticles were more potent in inducing IL- I activity than devital-
ized rat particles (25.0- vs. 11.1-fold increase, respectively).
However, the highest IL- I activities were found in the media of
PBMC co-cultured with live rat (43-fold increase) and human
(49-fold increase) bone particles, suggesting that soluble factors
released by osteocytes within the bone particles contribute to
the enhanced IL-I activity.

In order to determine whether a physical contact between
PBMC and bone surface is required to activate IL-I release,
PBMC were co-cultured with osteoblast-covered human or rat
particles or osteoclast-covered rat bone particles. Under these
conditions, PBMC were in close contact with the bone cells
covering the particles, but were separated from the matrix

surface itself. In each of these experiments, IL-I activity was
similar to that in control PBMC cultures, suggesting that IL- 1
secretion requires the physical contact of PBMC to specific
constituents of the bone surface. Conditioned media from os-
teoblast- or osteoclast-covered bone cultures did not demon-
strate a decreased PBMC response to uncovered bone particles
nor a diminished ability of recombinant IL-If3 to stimulate
D. 10 cells proliferation (data not shown). These findings sug-
gest that cells covering the bone particles did not secrete fac-
tor(s) that inhibit PBMC IL-I release.

To confirm that physical contact of PBMC and bone is
required for inducing the PBMC response to bone, experi-
ments were carried out with a transwell culture system in which
PBMC and devitalized rat bone particles were incubated in two
chambers divided by a membrane (pore size 0.4 mm) perme-
able to the culture media, but which prohibited cell-bone con-
tact. Under these conditions, the IL- I activity in the transwell
cultures was similar to the activity in control PBMC cultures.

To assess whether interferences with the attachment of
PBMC to bone surface affect IL- 1 release, devitalized rat bone
particles were pretreated for 48 h with EHDP, a substance that
decreases the binding of PBMC and osteoclasts to the bone
surface (39, 40). As shown in Fig. 1, pretreatment with EHDP
(80 ,mol) significantly decreased the ability of rat bone parti-
cles to stimulate IL- 1 release. To investigate whether a toxic
effect ofEHDP on PBMC may have accounted for those find-
ings, phytohemagglutinin (PHA)-stimulated PBMC were incu-
bated with concentrations of EHDP (Table I) up to fivefold
higher than those used to pretreat the bone particles. This treat-
ment resulted in no significant change in the amount of IL- 1
released into the culture media. Similarly, EHDP did not de-
crease the ability of guinea pig type I collagen (see below and
Table I) to increase IL- I activity from unstimulated PBMC.

To determine whether bone particles induce IL-1 release
from monocytes, lymphocytes, or both, devitalized rat bone
particles were co-cultured with adherent monocytes or lym-
phocytes depleted of monocytes. In each of five experiments
(Table II), monocytes but not lymphocytes adhered to the bone
particles and released increased amounts of IL- 1.

Effect ofbone matrix constituents on PBMC IL-I activity.
To investigate the nature ofthe bone constituent(s) accounting
for the release of IL- 1, PBMC were incubated with various

Table I. Effect ofEHDP on IL-] Releasefrom PBMC Stimulated
with PHA (I gg/ml) or with Guinea Pig Heat-denatured
Type I Skin Collagen

Stimulants

EHDP None PHA Type I collagen

Mm U/mi

3.9±0.8 4,364±426 3,628±946
25 3.1±0.9 3,911±398 3,711±1,001
50 4.2±0.7 4,469±422 3,601±880
100 3.6±0.9 4,304±480 3,395±972
200 3.2±0.6 4,732±401 3,983+1,057
400 4.1±0.8 3,913±422 3,661+1,112

PBMC were incubated with EHDP and either PHA or guinea pig type
I collagen for 48 h. The culture medium was then assayed for IL- 1.
Data are reported as mean±SEM.
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Table II. Effect ofDevitalized Rat Bone Particles on IL-I Activity
from Peripheral Blood Monocytes, Lymphocytes, and Total
Mononuclear Cells (PBMC)

I -I activity

Group Monocytes Lymphocytes PBMC

U/ml

Unstimulated cells 0.1±0.1 0.1±0.1 2.1±0.3
Cells + rat bone particles 56.7±9.5* 1.9±1.4 69.4±8.3*

Data are reported as mean±SEM.
* P < 0.01, compared to unstimulated cells.

purified bone substances. In a first set of experiments, PBMC
were cultured in a well coated with a gel of intact rat tail type I
collagen or a layer of hydroxyapatite crystals. Assays of the
resulting conditioned media revealed an increase in IL- I activ-
ity with both substances (Table III). However, the response
elicited by collagen was higher than the one induced by hy-
droxyapatite. Preincubation ofhydroxyapatite with EHDP (80
,gmol) reduced by 65% the stimulatory effect on IL-I activity,
further indicating that EHDP may prevent IL-l release by a
specific physicochemical interaction with PBMC and hydroxy-
apatite.

In a second set of experiments, dose-response curves were
generated by incubating PBMC with one of the following: a
soluble preparation of heat-denatured guinea pig type I skin
collagen or type I collagen fragments produced by the action of
rat uterus collagenase on heat-denatured collagen (Fig. 2, left),
hydroxyapatite crystals, TGF-fl, a2HS glycoprotein, osteocal-
cin, fibronectin, bone sialoprotein fragments, or osteopontin
fragments. Guinea pig type I denatured collagen and collagen
fragments both induced a significant (P < 0.001) increase in the
amount of IL-I released into the culture media. As shown in
Fig. 2 (right), the magnitude of the response was dose depen-
dent within the range tested (0.5-150 jig/ml). However, the
collagen fragments produced by either a 2- or a 4-h digestion
with mammalian collagenase were even more potent (P
< 0.05) than intact collagen in inducing IL-I release. Con-
versely, the amount of IL-I released into the culture media
after incubation with either 24- or 48-h digested fragments was

Table III. Effect ofRat Tail Type I Collagen, Hydroxyapatite,
and EHDP-treated Hydroxyapatite on PBMC IL-I Activity

Treated/control
Group IL-I ILI activity

U/mi

Controls 1.1±0.2
Collagen 4,964.2±359.6* 4,513
Hydroxyapatite 1,175.3±281.2$ 1,068
EHDP-hydroxyapatite 411.2±98.6* 374

PBMC were incubated in culture wells coated with a collagen gel of
rat tail type I collagen or a layer ofhydroxyapatite crystals for 48 h.
The culture medium was then assayed for IL- 1. Data are reported as
mean±SEM.
* P < 0.001; * P < 0.01, compared to controls.

lower than that elicited with intact collagen (Fig. 2, right).
When PBMC were incubated with hydroxyapatite (Fig. 3), a
dose-dependent stimulatory effect was also observed. How-
ever, the maximal response elicited by hydroxyapatite was sig-
nificantly lower (P < 0.05) than that induced by either heat-
denatured type I collagen or its fragments.

To assess whether collagen and hydroxyapatite induce the
secretion of IL-la, IL-1X8, or both, PBMC culture media were
incubated with monoclonal antibodies against human IL-la
and IL1-13. The results (Table IV) showed an almost complete
inhibition of biological activity with the anti-IL- 11 antibody
and a partial reduction with the anti-IL-la antibody, indicat-
ing that IL- 11 was indeed responsible for the majority of the
D. 10 cell proliferation activity.

Incubation ofPBMC with purified bovine TGF-fl induced
a significant but much less substantial increase in IL-l activity
(Fig. 3). This response was dose dependent between 1 and 10
ng/ml, optimal at 10 pg/ml, and was abolished by boiling the
TGF-13 preparation for 10 min. Conversely, IL-l activity was
not stimulated by osteocalcin (0.1 ng/ml to 1 ,ug/ml), a2HS
glycoprotein (10-12 to 10-5 M), fibronectin (0.1-100 'tg/ml),
bone sialoprotein fragments (0.1-100 gg/ml), or osteopontin
fragments (0.1-100 gg/ml). The effect of fibronectin, osteo-
pontin, and bone sialoprotein on IL- 1 release was also investi-
gated by culturing PBMC in wells coated with each of these
agents. The dose responses obtained with these experiments
were similar to those obtained by dissolving the test substances
in PBMC cultures (data not shown).

A monoclonal antibody which recognizes the a2fl, collagen
receptor blocks the collagen-induced increase in IL-I activity.
To determine whether a specific receptor mediates the IL-1
response to collagen, antibody neutralization experiments were
performed. As shown in Fig. 4, the P1 H5 monoclonal antibody
directed against the a2ll-integrin, a cell surface collagen recep-
tor, significantly decreased the IL- 1 release in response to heat-
denatured collagen but not to both hydroxyapatite and LPS.
The spontaneous release ofIL- 1 from unstimulated PBMC was
also not affected by the P1H5 antibody. These findings suggest
that the IL- 1 release induced by collagen is mediated, at least in
part, by the a2,fl-integrin. The control antibody, lOE5, had no
effect on the IL- 1 released in response to collagen.

To investigate the contribution of the a2131 receptor to the
release of IL-I induced by the adherence of PBMC to bone
particles, PBMC were co-cultured with devitalized bone parti-
cles and either the P1H5 or the lOE5 antibody. The antibody
P1H5 decreased, although not significantly, the IL-I release
induced by rat bone particles, suggesting that interaction with
the a2fl3-integrin receptor is one, but not the exclusive, mecha-
nism by which bone particles stimulate PBMC IL- I release.

Polymixin B and alkaline hydrolysis do not abolish the
PBMC response to collagen and hydroxyapatite. LPS is one of
the most potent stimulants ofIL- I release from PBMC (41). To
rule out the possibility that contamination with levels of LPS
below the limit of detection of the Limulus amebocyte lysate
assay (< 10 pg/ml) might have accounted for the IL-I stimula-
tory activity observed with our collagen and hydroxyapatite
preparations, we cultured PBMC with these bone constituents
and polymixin B (PB). PB is a polypeptide antibiotic which, at
low concentrations, blocks many effects of LPS on immune
cells including IL-I release (42). Although at high concentra-
tions PB may directly stimulate IL-i secretion (43), concentra-
tions < 0.5 ug/ml effectively block levels of LPS < 1 ng/ml
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and streptomycin (200
Ag/ml). Purified rat uterus collagenase was added to a final concentration of 20 .g/ml, and the mixture was filtered through a 0.2-!um membrane.
Incubation was performed at 37°C. At the times indicated, l00-Al samples were removed under sterile conditions and chilled to 0°C to stop the
reaction. 15 l of each sample was mixed with sample buffer and subjected to PAGE, using a 15% gel. The gel was stained with Coomassie
Brilliant Blue. Slot 1, heat-denatured collagen; slots 2-5, heat-denatured collagen incubated with enzyme for 2, 4, 24, and 48 h, respec-
tively. Molecular weight markers shown at left. (Right) Effect of heat-denatured guinea pig type I collagen and collagenase-digested collagen
fragments on PBMC IL- l activity. *p < 0.05; tp < 0.01; *P < 0.00 1, +P < 0.0001 compared to controls. The PBMC response to either 2- or 4-h
digested collagen fragments was significantly higher (P > 0.05) than the response to undigested heat-denatured collagen at 50-150 ,g/ml. The
PBMC response to 24- and 48-h digested fragments was significantly lower (P <0.05) than the response to either undigested, 2-, or 4-h digested
heat-denatured collagen for concentrations I1O ug/ml.

(42). As shown in Table V, PB inhibited the LPS- but not the
collagen- or the hydroxyapatite-induced PBMC response, indi-
cating lack ofa significant LPS contamination. Another poten-
tial contaminant ofour test materials is lipid A-associated pro-
tein (LAP), a monocyte stimulatory peptide noncovalently
bound to LPS (44, 45). LAP is not blocked by PB (44, 45) but is
inactivated by mild alkaltne hydrolysis (32). The presence of a
significant LAP contamination was excluded by the inability of
NaOH hydrolysis to decrease the secretion of IL- I induced by
both collagen and hydroxypatite (Table V). The presence of
LPS or other soluble IL-I stimulatory factors such as LAP in
the preparations described above was further ruled out by the
lack of a stimulatory effect of boiled TGF-,B preparations and
the finding that supernatant fluids from both hydroxyapatite
and collagen suspensions did not stimulate PBMC to release

TGF-, (ng/ml)
0.0001 0.001 0.01 0.1 10 100

1000.0 q Hydroxyapatite7~ .

E
-.100.0-

-j

- 10.0 -

TGF-pe
1.0

0.01 0.10 1.00 1.00
HYDROXYAPATITE (mg/ml)

Figure 3. Effect of hydroxyapatite (-) and TGFi (o) on PBMC IL-l
activity. The PBMC response to hydroxyapatite was significant at P
< 0.05 for concentrations 2 0.25 mg/ml and at P < 0.0001 for
concentrations 2 I mg/ml. The PBMC response to TGF-,B was
significant (P < 0.05) at 0.01 ng/ml and was abolished by boiling for
10 min (data not shown).

IL-I activity (data not shown). Similarly, the presence ofbound
LPS was excluded by the inability of hydroxyapatite and colla-
gen preparations to decrease the PBMC response to added LPS
(data not shown).

Discussion

In this study, we have shown that attachment of PBMC or
adherent monocytes to the bone matrix surface is associated
with a marked stimulation of IL- 1 release. The data also indi-

Table IV. Neutralization ofPBMC IL-I Activity with Monoclonal
Anti-Human IL-la and IL-ifS Antibodies

Antibody

Stimulant None Anti-IL-la Anti-IL-1lt

U/mi

None
IL- la 280±20 0 200±31
IL-lI 394±52 288±41 11±1

Collagen (100 ttg/ml)
1:1 3,182±201 2,110±253 423±49
1:4 1,080±121 526±52 56±4
1:16 115±16 88±9 15±2

Hydroxyapatite (8 mg/ml)
1:1 2,121±349 1,475±180 67±15
1:4 507±70 292±31 40±3
1:16 67±11 59±4 9±2

Conditioned media derived from PBMC cultured with collagen (100
gg/ml) or hydroxyapatite (8 mg/ml) were serially diluted and assayed
for their ability to induce D. 10 cell proliferation in the absence or the
presence of neutralizing antibodies to IL-la or IL-18l. Conditioned
medium (100 ul) was incubated with a 1:20 dilution of anti-IL-la
antibody or a 1:200 dilution of anti-IL- Ifl for 2 h and then assayed
for D. 10 cell proliferation (final volume 200 gl).

Bone Matrix Constituents Stimulate Interleukin I Release 225



IL-1 (% change)
0 50 100

Collagen
(100 Ag/ml)

Rat Bone
Particles

LPS
(10 nglml)

Hydroxy-
(patite

(8 mg/ml)

1so

1 Controls
* 1OE5Ab
* P1H5Ab

Figure 4. Effect of the monoclonal antibody P1H5 directed against
the a2l,1-integrin cell surface collagen receptor on IL-I activity
induced by collagen (100 jig/ml), hydroxyapatite (8 mg/ml), LPS (10
ng/ml), and devitalized rat bone particles (I mg/ml). PBMC were
preincubated in the presence of the indicated antibody (10 ,ug
antibody/ml final concentration) for 2 h. Test substances were then
added and the incubation continued for an additional 46 h. Since
there was considerable variation in IL-1 respon'se between the
substances tested in these experiments, the control IL-l activity was
set at 100% and compared to that measured in the medium ofPBMC
cultured with the individual test substances and the P1 H5 antibody.
A control antibody 10E5, directed against the platelet membrane
Ilb-IMla complex had no effect. The spontaneous release of IL- I from
unstimulated PBMC (3.2± 1.1 U/ml) was not affected by either PlH5
or the lOE5 antibody (data not shown). *P < 0.05 compared to
controls.

cate that the major constituents ofbone, collagen, hydroxyapa-
tite, and to a lesser extent, TGF-j3, can all stimulate IL- 1 ac-
tivity.

The release of IL- I from PBMC was not an expression ofa
non-specific immune response to heterologous material, since
both rat and human bone particles stimulated IL- 1 release
from PBMC, and since IL-1 failed to increase when PBMC

Table V. Effect ofPB and Mild Alkaline Hydrolysis on LPS,
Collagen, and Hydroxyapatite-induced IL-I Activity

Percent change with
Stimulant PB IL-I alkaline hydrolysis

Ag/mi U/ml

None 0 8.4±2.3
0.5 6.9±3.1

LPS (1 ng/ml) 0 669±80 -67+5*
0.5 95±11 -68+4*

Collagen (100 jg/ml) 0 2,548±301 -10±4
0.5 2,700+345 15±7

Hydroxyapatite (8 mg/ml) 0 1,750±221 18±6
0.5 1,628±202 -16±5

Data are reported as mean±SEM. Collagen and hydroxyapatite were
hydrolyzed with 0.01 N NaOH in 80% ethanol at 37°C for 60 min.
Control samples were incubated in 90% ethanol without NaOH for
60 min and retained > 80% of the original activity.
* P < 0.01 compared to controls.

were in physical contact with rat osteoblasts or chicken osteo-
clasts but could not adhere to the bone matrix surface. The
results ofthe experiments with test substances treated with PB,
alkaline hydrolysis, or boiling, and the inability of the suspen-
sion fluids to stimulate PBMC IL- 1 release suggest that contam-
ination with low levels of LPS or LAP is an unlikely explana-
tion for our findings.

Stimulation of IL- I activity appeared to be the result of a
specific PBMC-bone surface interaction. Increased IL- 1 activ-
ity was not observed, in fact, when PBMC were co-cultured
with latex particles, to which cells strongly adhere. Although
the intimate nature of this interaction remains unknown, at-
tachment ofthe cells to the bone surface appears to be an essen-
tial step. Nonadherent monocyte-depleted lymphocytes were
not stimulated to release IL-1 and IL-1 secretion was not in-
creased when bone surfaces and mononuclear cells were not in
physical contact. Similarly, co-culture ofPBMC with bone par-
ticles which had been pretreated with EHDP, an agent which
reduces the bone binding capacity of both PBMC (39) and
osteoclasts (40), decreased but did not abolish the PBMC re-
sponse to bone. As previously observed in similar studies (46),
the EHDP inhibition ofIL-1 release was not the result ofa toxic
effect on PBMC, as indicated by the inability ofEHDP to in-
hibit the secretion of IL- 1 from cells stimulated with PHA or
incubated with collagen.

Previous studies have shown that the attachment ofmono-
cytes to bone is analogous to that ofosteoclasts and depends on
the constituents of the bone matrix (47). Our findings support
these concepts and indicate that not only adherence, but also
the secretory activity of PBMC is regulated by specific matrix
constituents. Two of these which we found to have high stimu-
latory activity were collagen fragments, the most abundant
bone peptide, and hydroxyapatite, the mineral constituent of
bone. Whether specific receptors mediate the interaction of
PBMC with hydroxyapatite has yet to be determined. How-
ever, the ability of a specific monoclonal antibody, PlH5, to
decrease the PBMC response to collagen suggests that the inter-
action between collagen and these cells is mediated, at least in
part, by a specific collagen receptor, the a2f3l-integrin (48-50).
This class of collagen receptor is indeed expressed on mono-
cytes (49) and osteoclasts (51) but not on circulating lympho-
cytes (49). Moreover, the fact that products of short-term, but
not long-term, collagenase digestion were more potent stimula-
tors of IL- 1 activity than undigested material suggests that spe-
cific collagen domains were first exposed and then partially
digested as the length of the collagenase digestion increased.

Two other bone constituents that possess chemotactic prop-
erties, a2HS glycoprotein and osteocalcin (23), failed to stimu-
late IL- 1 activity. Similarly, IL- 1 activity was not stimulated by
fibronectin, a ubiquitous adherence protein (52), bone sialo-
protein, or osteopontin fragments. Adherence proteins con-
taining the Arg-Gly-Asp (RGD) sequence (52, 53), a trait recog-
nized by some but not all integrin receptors (48, 49) and osteo-
calcin have been hypothesized to participate in cell attachment
to mineralized matrix because they bind tightly to collagen (52)
and hydroxyapatite (54) and because vitamin-K depletion pre-
vents cell adherence to bone (55). Our data do not negate this
possibility; rather they suggest important functional differences
between the bone fragments produced with bone resorption.
Substances such as adherence proteins and osteocalcin may, in
fact, play a role in regulating the homing and the attachment of
mononuclear cells to bone, whereas others, such as collagen
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fragments, may be particularly important for regulating the
secretion of bone resorbing agents such as IL-1.

Although the regulation of bone remodeling is still conjec-
tural at best, several lines of evidence suggest a role for IL- 1 in
either initiating or modulating this remodeling phenomenon.
Recent studies in rodents have shown that IL- 1 stimulates bone
turnover both locally and systemically, causing bone loss and
hypercalcemia (10, 11). Increased secretion ofIL- I from mono-
nuclear cells has been reported in several conditions character-
ized by a high incidence of osteoporosis such as rheumatoid
arthritis (56, 57) and endometriosis (58, 59). In previous stud-
ies, we have shown that high IL- I activity in vitro is characteris-
tic ofpatients with high-turnover osteoporosis (20) and ofearly
postmenopausal women, in whom bone remodeling is typi-
cally vigorous (21). Moreover, elaboration of IL- 1 from PBMC
has been found to be regulated (21, 60, 61) by estrogen and
progesterone-substances well known for their bone-sparing
effect. However, the mechanism(s) accounting for the release
ofIL- 1 in states ofhigh bone turnover remains to be elucidated.
The results of this study suggest that collagen, hydroxyapatite,
and possibly TGF-,3 enhance the capacity ofPBMC to release
IL- 1. Since these factors are mobilized during bone resorption
(23, 62), and/or constitutively secreted by osteoblasts (63), IL- I
could be secreted during physiologic bone remodeling in spe-
cific sites upon activation ofnew remodeling units. Because of
the autocrine effect of IL- 1 (64) and its powerful activity as a
bone resorber (7-1 1), it is possible that IL-1 could initiate a
cascade ofevents that leads to a further production of IL- I and
to an amplification ofbone resorption. In this regard, it is note-
worthy that the largest increase in IL-l activity was induced by
collagen fragments, substances more likely than intact collagen
to be released locally during bone remodeling. Should this be
the case, bone turnover could be regulated both by the amounts
of matrix fragments released locally and by the degree of
PBMC responsiveness to these fragments. The latter type of
regulation is suggested by the ability of ovarian steroids and
1,25(OH)2D3 to regulate PBMC IL-1 activity (21, 60, 61) and
the expression of collagen receptors on monocytic cells (65),
respectively. In this model, the increase in bone turnover and
IL-1 observed after the menopause could be visualized as the
result of an enhanced responsiveness of mononuclear cells to
the release of bone matrix fragments. Our findings, however,
could also suggest that bone resorption is controlled by an IL- I
independent mechanism; the enhanced IL-l activity observed
in states of high bone turnover could be regarded as a conse-
quence, rather than a cause, of increased bone resorption. Al-
though this possibility cannot be discounted, it is unlikely that
the substantial release of IL- 1 that follows the adherence of
mononuclear cells to bone surfaces would have no influence on
bone resorption.

The accumulated data support the hypothesis of a major
role for IL-1 in bone remodeling and provide a mechanism to
explain, at least in part, the finding ofincreased IL- I activity in
patients with high bone turnover.
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